Reaction of 1-adamantyl azide with iron(I) diketiminate precursors gives metastable but isolable imidoiron(III) complexes LFedNAd (L = bulky β-diketiminate ligand; Ad = 1-adamantyl). This paper addresses (1) the spectroscopic and structural characterization of the FedN multiple bond in these interesting three-coordinate iron imido complexes, and (2) the mechanism through which the imido complexes form. The iron(III) imido complexes have been examined by 1 H NMR and electron paramagnetic resonance (EPR) spectroscopies and temperature-dependent magnetic susceptibility (SQUID), and structurally characterized by crystallography and/or extended X-ray absorption fine structure (EXAFS) measurements. These data show that the imido complexes have quartet ground states and short (1.68 ( 0.01 Å ) iron-nitrogen bonds. The formation of the imido complexes proceeds through unobserved iron-N 3 R intermediates, which are indicated by QM/MM computations to be best described as iron(II) with an N 3 R radical anion. The radical character on the organoazide bends its NNN linkage to enable easy N 2 loss and imido complex formation. The product distribution between imidoiron(III) products and hexazene-bridged diiron(II) products is solvent-dependent, and the solvent dependence can be explained by coordination of certain solvents to the iron(I) precursor prior to interaction with the organoazide.
Introduction
Imido (RN 2-) ligands form strong bonds with the transition metals in groups 3-7, particularly those in high formal oxidation states. As a result, imidos often act as unreactive spectator ligands in early metal complexes, for example, in the molybdenum olefin metathesis catalysts of Schrock and co-workers. 1 This strong interaction is a result of π-donation from the two filled nitrogen p orbitals into empty metal d orbitals, which results in a formal bond order of up to three. 2 In late transition metals (groups 8-11), on the other hand, the metal-nitrogen π-interactions are usually destabilized, because in octahedral complexes the antibonding metal dπ and nitrogen pπ orbitals are filled.
3 Thus, late transition metals in the most common geometries typically form weaker bonds with imido fragments, and structurally characterized imido complexes of the late transition metals are uncommon. Though isolating them is difficult, understanding these species is potentially beneficial because the weaker metalnitrogen bond can enable thermodynamically favorable nitrene transfer to organic compounds, and can also lower the activation barriers to stoichiometric and catalytic reactions. Thus, these "electrophilic" late transition metal imido complexes 4 are of great interest as intermediates in catalytic *To whom correspondence should be addressed. E-mail: holland@ chem.rochester.edu (P.L.H.), Thomas.Cundari@unt.edu (T.R.C.), sdg63@ cornell.edu (S.D.), bill@mpi-muelheim.mpg.de (E.B.).
(1) (a) Schrock, R. R. Chem. Rev. 2009, 109, 3211-3226. (b) Schrock, R. R. Angew. Chem., Int. Ed. 2006, 45, 3748-3759. (c) 
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Inorganic Chemistry, Vol. 49, No. 13, 2010 6173 nitrene transfer reactions, particularly aminations 5 and aziridinations. 6 There have been several innovations in stabilizing late transition metal complexes with terminal imido ligands. 7 Stone and co-workers reported in the 1960s and 1970s that several Ir I , Rh I , Ru 0 , and Os 0 compounds react with fluoroalkylazides to give crystalline products, and these were formulated as fluoroalkylimido complexes on the basis of IR, NMR, and elemental analysis data. 8 However, these putative imido complexes have never been completely characterized, and the assignments remain in doubt. In the late 1980s and early 1990s, work by Bergman and others generated Os, 9 Ir, 10 and Ru 11 half-sandwich complexes with terminal imido ligands, which were characterized using X-ray crystallography. In the last 10 years, several research groups have published isolable first-row transition metal complexes with terminal imido ligands including those of Fe II , 12 18 All of these isolated group 8-10 complexes with terminal imido ligands feature bulky ligands that enforce a coordinatively unsaturated metal center. A low coordination number at the metal has emerged as an important feature, as tetrahedral and trigonal metal centers have π-symmetry orbitals that are not doubly occupied. 19 Thus, even metals with a high formal d-electron count can form stabilizing π-interactions with donors such as NR 2-by appropriately manipulating the geometry using the supporting ligands.
The recent successes in isolating late-metal complexes with terminal imido ligands should not lead one to underestimate the difficulty in preparing them. A few have been generated by deprotonation 17a or hydrogen atom abstraction 16e from amido complexes, which requires judicious choice of a reagent that can remove the strongly bonded hydrogen without destroying the complex. However, most of the latemetal imido complexes described above arise from the addition of an organoazide to a low-valent, unsaturated metal precursor. This reaction is exothermic and exergonic by virtue of forming N 2 as a byproduct. However, the barrier to breaking the N-N bonds of organoazides is usually high, and the addition of organoazides to late transition metal complexes often leads to an organoazide complex in which the N-N bonds have not been cleaved. 17b,20 Understanding the mechanism and selectivity for N 2 extrusion from metal-organoazide complexes is a current research challenge. 21 Proulx and Bergman invoked a four-centered triazametallacyclobutane 6174 Inorganic Chemistry, Vol. 49, No. 13, 2010 Cowley et al.
intermediate to explain how a coordinated phenylazide ligand extruded N 2 to afford an imidotantalum complex.
20b Recent density functional theory (DFT)-based simulations have also addressed possible mechanisms for N 2 loss from organoazide complexes. 22 Hillhouse recently described the isolation of a nickel-organoazide complex that loses N 2 to form an imidonickel complex upon warming. In this contribution, evidence is presented for the formation of a transient formally iron(I) organoazide complex on the way to an isolable iron(III) imido complex. In a novel feature, the metal-N 3 R species has significant radical character on the organoazide ligand. It is shown that the addition of donor ligands controls the selectivity between several potential products obtained from organoazide addition. In addition, the geometric and electronic structure of the first structurally characterized three-coordinate iron(III) imido complex is explored in detail using crystallography, electron paramagnetic resonance (EPR), NMR, magnetic susceptibility, X-ray absorption, and computational chemistry techniques. These combined studies lead to new insight about the mechanism of formation of a late-metal imido complex, as well as its bonding and charge distribution. Figure 1 ) have been shown to be convenient sources of the evanescent two-coordinate iron(I) fragment "LFe" in reactions with alkynes, alkenes, CO, isocyanides, S 8 , phosphines, and benzo [c] When performing the above reaction in pentane, signals for the desired L Me FeNAd (2) (characterized below) are observed in the 1 H NMR spectrum of crude reaction mixtures, but 2 is formed in only 14% yield. The relative amounts of 1 and 2 are highly dependent on the solvent used in the reaction (Table 1) . In each reaction, the 
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Products from Iron(I) and Adamantyl
Azide. The diiron dinitrogen complexes L R FeNNFeL R (L R = L Me or L tBu ,
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Inorganic Chemistry, Vol. 49, No. 13, 2010 6175 hexazene complex 1 is poorly soluble, and thus the yield of 1 was easily determined by filtration of the crude reaction mixture. The yield of imido complex 2 was determined based on 1 H NMR integration against an internal standard. The yield of imido 2 was lowest (<30%) in noncoordinating solvents (pentane, diethyl ether, and 2,5-dimethyltetrahydrofuran (Me 2 THF)), intermediate (40-68%) in aromatic solvents (benzene, toluene, and R,R,Rtrifluorotoluene (PhCF 3 )), and highest (80%) in THF. In each of these reactions, the combined yields of hexazene 1 and imido 2 was 79-93% based on iron.
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Because it gave the highest conversion to 2, tetrahydrofuran (THF) was chosen for the isolation of pure samples of 2. Addition of a THF solution of N 3 Ad to a royal purple solution of 0.5 equiv of L Me FeNNFeL Me in THF produces vigorous effervescence and an immediate color change to deep yellow. Removal of THF and crystallization of the residue from pentane at low temperature produced a yellow-brown crystalline product in 61% isolated yield. Crystals of 2 are stable for more than 2 weeks in the solid state at -45°C, and this level of stability enabled spectroscopic and crystallographic characterization. At 25°C, C 6 D 6 solutions of redissolved crystals of 2 are metastable with t 1/2 ∼ 48 h. We initially reported the generation of 2 in the presence of 4-tertbutylpyridine ( t Bupy), but under these conditions t 1/2 was only about 0.5 h at 25°C, and crystallographic characterization was not possible.
28
X-ray Crystal Structure of 2. Single crystals of 2 were grown from a saturated pentane solution at -45°C, and the X-ray crystal structure is shown in Figure 2a . The short FedN bond length (1.6699(15) Å ) and nearly linear geometry at nitrogen ( -FedN-C = 170.40(13)°) highlight the FedN multiple bond character. These values are in the range observed in known terminal imidoiron compounds for FedN bond lengths (1.61-1.73 Å ) and . 29 The three-coordinate iron center is planar (sum of N-Fe-N angles is 360.0(1)°), and slightly bent from ideal Y-shaped geometry, as evidenced by the difference in N imido dFe-N diketiminate angles (126.82(6)°and 139.16(6)°). The Fe-N diketiminate bond lengths (1.9285(13), 1.9177(13) Å ) are significantly shorter than those in three-coordinate iron(II) diketiminate complexes (average 1.98(2) Å ), 30 consistent with the assignment of the iron oxidation state in 2 as iron(III).
The structure of the iron(III) imido complex can be compared to the analogous iron(II) amido complex L MeFeNHAd (3) (Figure 2b ), which can be generated independently via anion metathesis of [L Me FeCl] 2 with 2 equiv of LiNHAd in a manner similar to other (β-diketiminato)-Fe II (amido) complexes. 31 The Fe-N amido distance of 1.841(2) Å in 3 is typical of its congeners with NH-(p-tolyl), NH(2,6-diisopropylphenyl), and NH( t Bu) ligands, 31 and is 0.171(3) Å longer than the FedN multiple bond in 2. The geometry at iron in the structure of 3 is midway between Y-shaped and T-shaped, with N imido d Fe-N diketiminate angles of 145.88(8)°and 121.03(8)°. Also, the Fe-N diketiminate lengths in 3 (1.974(2) and 1.985(2) Å ) are ∼0.05 Å longer than the corresponding bond lengths in 2 because of the lower oxidation state, and are consistent with other three-coordinate iron(II) diketiminate complexes. (5) are unavoidably present in crude reaction mixtures, presumably because the cycloaddition reaction of 2 with AdN 3 is kinetically competitive with imido formation. Fortunately, 5 is much less soluble in pentane than 2, and extraction of the crude material into pentane is usually sufficient to reduce the amount of 5 contaminant in 2 to <1%, as judged by 1 H NMR spectroscopy. Also, note that 5 was originally obtained by reaction of 2 3 The solutions of 2 3 t Bupy were unstable because the four-coordinate species undergoes intramolecular hydrogen atom abstraction (HAA) from the isopropyl C-H of the diketiminate ligand, with t 1/2 on the order of ∼0.5 h at 25°C. This HAA reaction was reported previously, 28 and mechanistic details of this reaction shall be explored in detail elsewhere. 33 The addition of BPh 3 to solutions of 2 3 t Bupy greatly improved the stability of the complex, as t 1/2 for decomposition of the mixture increased to ∼36 h at 25°C, similar to that for 2 prepared in THF and without t Bupy. Effect of Diketiminate Size on the Outcome of the Reaction. We also investigated the imidoiron complex supported by the bulkier L tBu ligand. This imido complex was obtained by adding 2 equiv of N 3 Ad to a solution of L tBu FeNNFeL tBu (Scheme 3). At room temperature in pentane, the target imidoiron(III) complex L tBu FeNAd (4) was generated in >80% spectroscopic yield, 34 which differs significantly from the low conversion to the L Me analogue 2 (14% yield of imido in pentane). The hexazene complex {L tBu Fe} 2 (Ad 2 N 6 ) is also formed, but only in <2% crude yield. Larger amounts of hexazene complex (>20% isolated) were only obtained when the reaction was performed at -78°C. 25 Therefore, the use of the bulkier L tBu ligand greatly decreases the formation of the hexazene byproduct.
Although we have not been able to obtain single crystals of 4 for crystallography, the assignment of 4 is supported by NMR spectroscopy. As shown in Figure 4 , the 1 H NMR spectra of 2 and 4 are qualitatively very similar, suggesting they have similar geometries and electronic structures. The most significant difference between the two spectra is the chemical shift of the peaks attributed to the different ligand backbone substituent t Bu in 4 at δ þ20 ppm). The similarity between features in the X-band EPR spectra and extended X-ray absorption fine structure (EXAFS) fits of 2 and 4 will also become evident below.
In other ways, compound 4 differs from 2. L tBu FeNAd (4) does not coordinate exogenous donors such as t Bupy, and does not react with H
• sources such as 1,4-cyclohexadiene or indene that react with 2.
28 Despite its greater steric protection, 4 is less stable than 2 in solution, decomposing to a mixture of products with t 1/2 of approximately 1 h at 25°C. Therefore, it has been handled only in solution at low temperatures. However, we have been able to isolate a solid containing L tBu FeNAd in 50-70% purity for EXAFS measurements (see below). The nature of the decomposition products is unknown.
EXAFS Characterization of Imido Complexes. To further confirm the identity of the two imido complexes, we obtained Fe K-edge X-ray absorption spectroscopy (XAS) data on imidoiron(III) complexes 2 and 4, as well as on the amidoiron(II) complex 3. XAS data for each compound were obtained in the solid state as dilutions in boron nitride. 35 A comparison of the Fe K-edges for 2 and 3 are shown in Figure 5 . The rising edge is at higher energy in the imidoiron(III) complex 2 than in the amidoiron(II) complex 3, consistent with the higher oxidation state. There is essentially no change in the pre-edge energies on going from 2 to 3, but the pre-edge intensity is somewhat larger for 2 than 3. A tentative interpretation is that the overall ligand field is similar, but there is greater covalency in the imido complex 2.
The EXAFS data for 2, 3, and 4 (together with the corresponding fits) are shown in Figure 6 . The non-phaseshift-corrected Fourier-transformed (FT) data are shown in Figure 7 . The overall EXAFS beat pattern, as well as the FTs, for imido complexes 2 and 4 are very similar. On the other hand, for the amido complex 3 there is a distinctly different beat pattern and a broader first shell feature in the FT. The data for 2 were successfully modeled with two nitrogen atoms at 1.94 Å , and one nitrogen atom at 1.69 Å ( Table 2 ). These are assigned as Fe-N diketiminate and FedN imido bonds since they closely match the corresponding bond lengths from the crystal structure (1.93 and 1.67 Å , respectively). The fit was significantly poorer if the short FedN distance was omitted from the model, with the error increasing from 0.079 to 0.316. Although there is no distinct peak in the Fourier-transformed spectrum that corresponds to the short Fe-N scatterer, a similar trend has been noted for other complexes with short Fe-N bonds; the lack of a distinct peak arises from an interference effect that results in a narrower peak in the FT in the presence of a short Fe-N vector (see Figure 7) . 36 Hence, the EXAFS data corroborate the short FedN distance observed in the X-ray crystal structure.
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The EXAFS data for 4 are of particular interest because this compound has not been subjected to crystallographic characterization. In this case, the data fit to 2.5 nitrogen atoms at 1.99 Å and 0.5 nitrogen atoms at 1.69 Å , distances similar to those in the fit for 2. Inclusion of 1 Fe-N at 1.69 Å resulted in an unreasonably large σ 2 value (0.032 Å 2 ), suggesting that the imido complex 4 represents only ∼1/2 of the species present. Since 4 was not purified through crystallization and is less stable than 2, it is not surprising that the imido complex is less pure. However, the EXAFS data for 2 and 4 are still quite similar, and both show short (<1.7 Å ) FedN distances, suggesting that they both contain imido ligands.
Magnetism of 2. We previously described the X-band EPR spectra of solution-generated 4 34 and 2 3 t Bupy. 38 The rhombic signal for each of these compounds is similar (g eff = 7.0, 1.8, 1.3 for 4; g eff = 6.1, 1.9, 1.4 for 2 3 t Bupy) and indicates an S = 3/2 spin system with E/D ∼ 0.33. The X-band EPR spectrum of a solution of pyridine-free, crystalline 2 (Supporting Information, Figure S-11) was very similar (g eff = 6.3, 1.9, 1.5) to that reported previously for 2 3 t Bupy, 28 showing that 2 and t Bupy interact very weakly, as indicated also by the NMR experiments described above. Crystalline 2 was also evaluated by magnetic susceptibility measurements. The variable-temperature magnetic susceptibility data (μ eff ) for solid 2 are shown in Figure 8 . The high-temperature limit, corresponding to an effective magnetic moment of ∼4.6 μ B , exceeds the spin-only value for S = 3/2 (3.87 μ B ), but it is consistent with the effective magnetic moment measured in C 6 D 6 solution (Evans method, 25°C) of μ eff = 4.4 ( 0.3 μ B . The deviation is most likely due to the presence of an unknown paramagnetic contaminant, which is EPR-silent. In previous M€ ossbauer studies of 2 3 t Bupy, variable amounts of iron-(II) impurities were observed, 28 and some decomposition is expected because of the metastable nature of 2. By assuming that the impurity is an iron(II) species in 20% abundance with spin S = 2 and roughly the same molar mass, the magnetic data could be successfully fitted to an S = 3/2 model with g av = 2.15 and |D| = 65(5) cm -1 , and E/D = 0.33. The rhombicity parameter of E/D = 0.33 was taken from simulations of the EPR spectrum mentioned above, whereas D and the average g value were refined to fit the magnetic susceptibility data. The refinement gave g = 2.15, which is close to that found for the EPR solution sample (g av = 2.07). The remarkably large value for D was corroborated by variable-temperature measurements at multiple fields (inset of Figure 8 ). Although the global fit of these traces using the same parameters and including the same S = 2 impurity is not , and E/D = 0.33. Inset: Multiple-field variable-temperature measurements at B = 1, 4, and 7 T and simulation with the same parameters (red, green, and blue traces, respectively).
(36) (a) 2006, 312, 1937-1941. (37) It is also important to note that the EXAFS data of the amido complex 3 show no evidence of a short Fe-N bond; the data are best fit by inclusion of three Fe-N interactions at 2.00 Å . Attempts to separate the first shell into shorter 1.8 Å and longer 2.0 Å components, as indicated by the crystal structure, resulted in the two distance components converging to the same value. This suggests that the separation of these components is beyond the resolution of the EXAFS data.
(38) The EPR signal assigned to 2 in reference 28 was present in ∼70% yield based on integration.
perfect, it shows clearly that the very small nesting of isofield curves can be reproduced only with |D| > 50 cm
for free E/D = 0), because only with such large zero-field splitting are the m s -sublevels of the S = 3/2 manifold sufficiently isolated to exhibit the observed field-independent behavior of the magnetization curves M(μ B B/kT).
39 In summary, the ability to fit both EPR and magnetic data to a selfconsistent quartet model strongly supports a description of 2 having an S = 3/2 ground state. This conclusion is also consistent with the quartet spin state being lowest by 10 kcal/mol in DFT computations. H NMR spectroscopy during the very rapid reaction of the iron-N 2 complex with N 3 Ad, even at cold temperatures. Therefore, the characteristics and reactions of the putative organoazide species were evaluated using quantum mechanics/molecular mechanics (QM/MM) computations with classical treatment (Universal Force Field) of the 2,6-diisopropylphenyl and methyl substituents of the β-diketiminate ligand and the adamantyl group with the exception of the carbon atom that is directly bonded to nitrogen. The core of the complex was modeled via density functional theory (DFT) at the B3LYP/6-311þG(d) level of theory. All doublet states were considerably higher in energy (>13 kcal/mol) than quartet and sextet states, and are not described here.
Azide Coordination Mode in L Me Fe(N 3 Ad). Since N 3 Ad is known to bind metals in three different coordination modes (Figure 9 ), we first sought to identify the lowestenergy linkage isomer of L ) was also evaluated, but quartet and sextet models were each found to be considerably (>30 kcal/mol) higher in energy than the other low-energy linkage isomers, and were not considered further.
The optimized geometries for the lowest spin state of each isomer are shown in Figure 10 , and the relative energies of all isomer/spin state combinations are summarized in Table 3 40 The bent NNN angle in particular provided an initial structural hint that the adamantyl azide ligand in Table 3 ) there are nearly equal amounts of negative spin density (0.42 e -) on each of the two nitrogen atoms closest to the iron center, with the remainder almost entirely on the iron center (3.59 e -). Finally, for the quartet-η 2 isomer the spin density is almost entirely on the iron atom with very little on the organoazide moiety. Figure 11 catalogues the best Lewis structure descriptions of these states derived from the electronic structure analysis.
Elimination of N 2 from L Me Fe(N 3 Ad). Two transition states for N 2 elimination were examined, and they differed only by spin state (quartet or sextet). These transition states are close in energy (ΔΔG q = 1.0 kcal/mol with quartet lower in energy) and are similar in geometry, suggesting facile spin crossover between the quartet and sextet potential energy surfaces. The quartet transition state is depicted in Figure 12 , and the sextet transition state is similar. The primary motion from ground state 6 L Me Fe(N 3 Ad-κN 1 ) to the transition state is N 1 -N 2 bond lengthening from 1.40 Å to 1.60 Å . The calculated Fe-N 1 bond length in the transition state (1.91 Å , Figure 12 ) is only ∼0.05 Å shorter than the corresponding calculated bond length for the ground state, and none of the core bond angles changed by more than (3°. Figure S -9) , suggesting that these species are unlikely to be formed if an organoazide is present.
Diiron tBu , which has the core structure of the second hypothetical intermediate. 46 Although we have not been able to generate this species reproducibly for further characterization, and the crystal was of poor quality, the preliminary observation of a species with this connectivity supports the feasibility of bimolecular organoazide-bridged intermediates in the L Me system. The computations indicate that the diiron organoazide complex is capable of leading to the final hexazene product (1). Addition of an additional 0.5 N 3 Ad to 0.5 L Me Fe(μ-N 3 Ad)FeL Me to give 0.5 equiv of 1 is slightly exergonic, ΔG = -1.7 kcal/mol. The overall reaction from 0.5 L Me FeNNFeL Me to 0.5 equiv 1 is exergonic as well, ΔG = -7.6 kcal/mol. The potential energy surface showing the relative energies of these species is shown in Scheme 4.
Discussion
In the synthesis of late transition metal imido complexes, organoazides are an excellent source of the "nitrene" fragment because N 2 is the only byproduct, and because organoazides are generally easy to synthesize. In this work, we used the addition of 1-adamantyl azide to an iron(I) synthon to create a wellcharacterized iron(III) imido complex with a trigonal planar geometry. Similar reactions have been used to generate isolable three-coordinate cobalt(III) and nickel(III) imido complexes of a smaller β-diketiminate ligand, though studies on the mechanism of these interesting reactions have not yet been reported.
16c,18 Our computational and synthetic studies suggest that interaction of diketiminate-iron(I) species with organoazide forms an iron-organoazide complex L 20a,b and Cummins, 20c respectively. In these complexes, the short M-N bond and bent NNN and NNC angles are suggestive of a prevailing diazenylimido (L n MdN-NdN-R) bonding description with a dianionic ligand.
In this work, we describe computations that support the best description of L Me Fe(N 3 Ad) with a form of coordinated organoazide that is different than those described above. In the complex, the organoazide is best described as a one-electron reduced N 3 Ad
•-ligand, which is coordinated through the internal nitrogen atom (κN 1 ). The assignment as a radical anion ligand is based on the bond lengths and N-N-N bond angle that are very similar to those calculated for the free N 3 Ad
•-anion, and by the observation of roughly one electron of spin density on the coordinated organoazide. This assignment implies that the iron is in the iron(II) oxidation state. High-spin iron(II) can magnetically couple with the organoazide radical to give overall quartet or sextet states, and the nearly identical energies calculated for these two states suggests a very small value of the exchange coupling J despite the short distance between the two paramagnetic subsites. Because the species so rapidly reacts to give other products, we were not able to evaluate its properties experimentally except through the distribution of products derived therefrom (see below).
The one-electron reduction of a coordinated ligand by the "L Me Fe" fragment has ample precedent. In the tetrazene complex L Me Fe(AdNNNNAd-κ 2 N 1 ,N 4 ) (5), magnetic and spectroscopic studies showed that the tetrazene ligand exists as a radical anion coordinated to iron(II). 48 Similarly, a combination of spectroscopic and computational studies showed that L Me Fe(alkyne) complexes have one electron localized in a π* orbital of the alkyne fragment. 24b In bimetallic examples, the dinitrogen complex L Me FeNNFeL Me is best described as a diiron(II) complex of the N 2 2-anion, and reaction of the iron(I) fragment with acetophenone gives pinacol coupling. 23b In an analogy to the radical organoazide ion postulated here, Peters recently reported an iron complex with N 3 Ad-κN 3 coordination and an NNN angle of 147(4)°, for which DFT computations showed a spin density of 0.77 e -on the organoazide, suggesting the assignment of a monoanionic N 3 Ad ligand. 49 Another useful comparison is to complexes (dtbpe)-Ni(η 2 -N 3 R) (dtbpe = bis(di-tert-butylphosphino)ethane; R = Ad, Mes; see Figure 9c ), which were structurally characterized and spontaneously convert into the stable imido complexes (dtbpe)Ni=NR. 17b The crystal structures of (dtbpe)Ni(N 3 R) each show the η 2 -N 3 R isomer, in contrast to L Me Fe(N 3 Ad), in which the κN 1 isomer has the lowest energy by DFT. It is interesting to note the difference in preferred coordination mode, despite both (dbtpe)Ni(N 3 R) and L Me Fe(N 3 Ad) utilizing bulky bidentate supporting ligands.
Mechanism of Forming Hexazene Products. The hexazene complex 1 is conceptually derived from reductive coupling of two N 3 Ad molecules to give an Ad 2 N 6 2-bridge. 25 Given the computational results that indicate L Me Fe(N 3 Ad) has substantial unpaired spin density on the organoazide ligand when coordinated η 1 , we initially considered that formation of the diiron(II) hexazene complex could result from simple radical dimerization of two molecules of L Me Fe(N 3 Ad
• ). However, QM/MM computations presented above indicate that there is not a significant thermodynamic driving force for this dimerization (ΔG = -0.6 kcal/mol per Fe), especially in comparison to the formation of the imido product 2 (ΔG = -42.8 kcal/mol) in which the barrier height is calculated to be low (ΔG q = 12 kcal/mol). Although the dimerization of L Me Fe(N 3 Ad) molecules may be a contributing mechanism, the mechanism involving diiron intermediates (Scheme 4) is also reasonable, and more easily explains the solvent dependence of the product distribution (see below). The feasibility of bimetallic intermediates of the type {LFe} 2 (μ-N 3 Ad) is shown by the fortuitous crystallization of L tBu Fe(μ-N 3 Ad)FeL tBu , although rational synthesis and characterization of this compound has not been achieved at this time.
Why is a Coordinating Solvent Needed during the Synthesis of 2? We now turn our attention to the solvent effect on the outcome of the reaction L Me FeNNFeL Me þ 2 N 3 Ad. The most coordinating solvents (THF, pyridine, or arenes 50 ) gave the highest yields of imido product 2 and lowest conversion to hexazene 1 (Table 1) . The dominance of solvent coordination (rather than polarity) is most convincingly demonstrated by the difference between the outcomes of reactions performed in THF and 2,5-dimethyl-THF. This pair of solvents has previously been used to distinguish between rate effects of polarity (the solvents have similar polarities) versus coordination (dimethyl-THF is sterically prevented from coordinating). 51 In THF, the yield of 2 is 80% (9:1 imido/hexazene), while in the much less coordinating 2,5-dimethyl-THF the yield of 2 is only 28% (1:2 imido/hexazene). Likewise, PhCF 3 gives more imido complex (59% yield, 3:1 imido/ hexazene) than toluene (41% yield, 1:1 imido/hexazene) because it is a better π-acceptor, and should bind more strongly to iron(I). Me Fe(N 3 Ad) to 1 is bimolecular and to 2 is unimolecular, any decrease in the concentration of L Me Fe(N 3 Ad) from a donor solvent would disfavor coupling to form 1. This is consistent with the production of 2 in donor solvents and 1 in other solvents. To test this idea, we used computations to gauge the influence of pyridine, one of the most effective donors, on potential intermediate species. However, the QM/MM calculations show that pyridine is not capable of displacing organoazide from L Me Fe(N 3 Ad); the exchange is calculated to be uphill by ΔG = þ12 kcal/mol. The displacement of organoazide should be even less favorable for weaker donors such as THF. Therefore, the computations cast significant doubt on the verity of this hypothesis.
Hypothesis 2: Lewis Bases Catalyze Imido Formation. In a second potential explanation, we hypothesized that donor solvents catalyze N 2 loss to form 2 by binding to the L t Bupy by 1 H NMR spectroscopy when heated to 80°C in the presence of 100 equiv of 1,4-cyclohexadiene and 10 equiv of t Bupy. Therefore, the formation of 1 is irreversible and cannot access the imido complex 2.
The most synthetically useful solvent for the preparation of 2 has proven to be THF, since it is coordinating enough to steer the product distribution mostly away from hexazene 1, but does not coordinate to the imido product. Although small amounts of t Bupy also gave a desirable imido/hexazene ratio (7:1), the presence of pyridine catalyzes the decomposition of 2 by "turning on" hydrogen atom abstraction (HAA) pathways.
28,33
Implications For the Larger L tBu System. The mechanistic picture relating 1, 2, and L Me Fe(N 3 Ad) in Scheme 5 is explicit only for the L Me system. Using L tBu as the supporting ligand leads to a good yield of imido complex 4 even in pentane, and thus coordinating solvents are not necessary to avoid hexazene formation at room temperature. This observation can be accommodated within the mechanistic picture in Scheme 5 using different relative rates of the individual steps. We speculate that in the L tBu Fe system, the reaction begins along the diiron pathway A (as for the L Me system in pentane), giving L tBu Fe(μ-N 3 Ad)FeL tBu (see above) as a key intermediate. Since the added steric bulk of the L tBu ligand destabilizes the diiron intermediates at the top of Scheme 5, the fragmentation to L tBu Fe(N 3 Ad) (red "minor pathway") would be more rapid, and the attack of a second azide (giving hexazene) would be slower than in the L Me system. This corresponds to crossover from the bimetallic manifold A to the monoiron manifold B (i.e., the red downward "minor pathway" arrow in Scheme 5 becomes the major pathway). Though the inability to characterize intermediates prevents us from further supporting this mechanistic scheme for the L tBu system, it is important that a single mechanistic scheme can rationalize all the trends in the reaction outcomes for both L Me and L tBu complexes. Properties of Imidoiron(III) Complex 2. Though 2 is only metastable (solids or solutions must be kept at reduced temperature to have lifetimes of more than a few hours), it has been crystallized and characterized through several methods. Crystallographic data show a short iron-nitrogen bond similar to those in other iron(III)-imido complexes (further analysis below). These data are supported by X-ray absorption studies, which also show similar features in the uncrystallized L tBu FeNAd (4). Therefore, the spectroscopic evidence gleaned from solutions of 2 3 t Bupy 28 and 4 34 in previous communications are now supported by compelling structural data.
The greater purity of 2 has enabled the use of additional physical techniques. For example, 1 H NMR spectra show that 2 reversibly binds pyridine but not THF. Note that the 1 H NMR spectra of 2 are surprisingly narrow for an iron(III) complex. This is the result of the intermediatespin (S = 3/2) ground state of the iron(III) ion, which has fairly low-lying excited states that enable rapid electronic relaxation and hence slow nuclear relaxation. 52 The quartet ground state was inferred from X-band EPR spectra of mixtures containing 2 in previous studies, 28 and is now supported by magnetic susceptibility studies on crystalline 2, as well as X-band EPR spectra of purified 2.
Structural Trends in Fe, Co, and Ni Imido Complexes. As a result of the recent successes in stabilizing imido complexes of the late first-row transition metals, [12] [13] [14] [15] [16] [17] [18] there now exist enough structurally characterized examples (Supporting Information, Table S-6) to begin to evaluate trends.
The first notable feature is that the isolable Fe, Co, and Ni imido complexes always have coordination numbers of three or four. 53 This generalization can be rationalized by examining the ligand field splitting, which shows that trigonal-planar and tetrahedral geometries (as well as square-planar if not low-spin) lead to incomplete occupation of the d-orbitals that have the correct symmetry for π-bonding with the imido group. 12, 13, 16, 18, 19, 28 The interaction of empty (or partially empty) d orbitals with p-orbitals of sp-hybridized nitrogen in the imido ligand leads to π-bonding. In low-spin octahedral and squareplanar geometries, the appropriate d orbitals are filled, and there can be no stabilizing π-interactions.
3
Further details can be gleaned from a search of the Cambridge Crystallographic Database. Figure 13 shows a scatter plot of MdN bond length versus MdN-C bond angle for all known structurally characterized examples of terminal imido complexes of Fe, Co, and Ni, organized by both metal and coordination geometry.
54
Although there is significant scatter in the data, a few points are worth mentioning. First, there is little correlation between MdN bond length and MdN-C bond angle, an observation which has also been noted in early transition metal imido complexes.
55 Second, neither the average MdN bond length (Fe, 1.64(3) Å (n = 19); Co, 1.65(2) Å (n = 9); Ni, 1.69(2) Å (n = 4)) nor the MdN-C bond angle (Fe, 172 (7)°; Co, 173(6)°; Ni, 168(8)°) are dependent on the identity of the metal. Third, Figure 13b does suggest that the bond metrics are dependent on the coordination geometry of the metal. Thus, tetrahedral imido complexes have a more linear MdN-C angle (176(3)°, n = 21) than trigonal (166(7)°, n = 9) imido complexes (p=0.0017), and also have a more linear angle than square-planar (162(5)°, n = 2) imido complexes ( p = 0.11). Tetrahedral complexes can give two MdN π-bonds (metal-nitrogen triple bond), but partial occupation of MdN π* orbitals in the planar complexes gives less metal-nitrogen π bonding. 12, 13, 16, 18, 19 It is reasonable that the MdN-C angle would be the metrical 
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2,55
It is interesting to note that the most reactive Fe, Co, and Ni imido complexes feature a trigonal or squareplanar ligand field, the same geometry that gives somewhat more acute MdN-C angles. The only catalytic reactions that have been reported using isolable Fe, Co, or Ni imido complexes are organoazide hydrogenation with a square-planar Fe(III) imido complex, 13c and formation of carbodiimides and isocyanates by trigonally coordinated iron 34 and nickel 56 imido complexes. Trigonal copper-imido/copper-nitrene complexes have been implicated as the active intermediates in catalytic C-H amination reactions and catalytic diazene formation reported by Warren and co-workers.
7ff,57 Therefore, the MdN-C bending seen in planar imido complexes may correlate with an increase in their reactivity. On the other hand, Peters recently showed catalytic diazene formation through a spectroscopically characterized, presumably trigonal-bipyramidal, imidoiron(III) species. 49 Also, Gallo recently reported porphyrin-cobalt complexes that catalyze amination.
58 Thus, putative higher-coordinate imido species can be reactive as well.
Conclusions
The reaction of adamantyl azide with the iron(I) precursors Though reactive and unstable, this imidoiron complex has been characterized in great detail. X-ray absorption and diffraction experiments demonstrate that the FedN bond is short, in the range of a double bond. Solid-state magnetic susceptibility and solution EPR spectroscopy of 2 show that it has an isolated quartet ground state, consistent with computational studies. 28 Comparison to literature iron-imido species suggests that a planar geometry at the metal, as found here, may be responsible for the bending of the MdN-C angle and heightened reactivity.
The reaction to form L 
FeNNFeL
Me into monometallic units, which are less likely to undergo a bimetallic reaction pathway toward hexazene. We have shown that the traditional synthesis of imidometal complexes from organoazide and a low-valent metal can be hampered by unexpected side reactions such as organoazide coupling, and that making subtle adjustments to the reaction (THF vs pentane solvent) can greatly influence the outcome. These insights contribute to the burgeoning field of late transition metal imido complexes, and help to shed light on the formation and properties of these catalytically active species.
Experimental Section
General Considerations. All manipulations were performed under a nitrogen atmosphere in an MBraun glovebox maintained at or below 1 ppm of O 2 and H 2 O. 1-Adamantyl azide was purchased from Aldrich and crystallized twice from pentane prior to use. 1,4-Cyclohexadiene was purchased from Aldrich, vacuum distilled from calcium chloride, and stored over activated 3 Å molecular sieves. 4-tert-Butylpyridine was purchased from Aldrich, vacuum distilled from CaH 2 , and stored over activated 3 Å molecular sieves. Ad (108 mg, 0 .611 mmol) in THF (2 mL) was added dropwise causing effervescence and a color change to dark yellow-brown. The reaction was stirred for 15 min, and the volatile materials were removed under vacuum. The residue was redissolved in pentane (∼8 mL), the solution was filtered through Celite, and the volatile materials were removed under vacuum. The residue was dissolved in a minimum amount of pentane (∼4 mL) and cooled to -45°C, giving crystalline 2 in two crops (231 mg, 61%). . A J-Young NMR tube was loaded with 2 (11.7 mg, 18.8 μmol) and C 6 D 6 (0.6 mL). 1,4-Cyclohexadiene (17.8 μL, 188 μmol) was added, and the reaction was monitored by 1 H NMR spectroscopy at 23°C. After 90 min no 2 remained and L Me FeNHAd was formed in 83% yield as measured by integration against an internal integration standard (sealed capillary of Cp 2 Co in C 6 D 6 FeCl] 2 (1.1 g, 1.08 mmol) and LiNHAd (343 mg, 2.18 mmol) were stirred in pentane (40 mL) for 8 h. The brown mixture was filtered and concentrated under vacuum to 20 mL. The brown pentane solution was cooled to -35°C, and yellow crystals of L Me FeNHAd were isolated in good yield (1.2 g, 90%). , 75.10; H, 9.21; N, 6.74. Found: C, 74.66; H, 7.55; N, 6.28 .
L
Me Fe(AdNNNNAd) (5) . We have previously shown that 5 is formed from L Me FeNNFeL
Me and 4 equiv of N 3 Ad in the presence of tert-butylpyridine.
48 This compound can also be prepared from isolated 2, or from L Me FeNNFeL Me and N 3 Ad in THF instead of tert-butylpyridine via the following methods.
Method A (From Isolated 2). A vial was loaded with 2 (19.2 mg, 30.8 μmol) and pentane (2 mL), giving a dark yellow-brown solution. A solution of N 3 Ad (5.5 mg, 31 μmol) in pentane (1 mL) was added, and the resulting mixture was stirred for 2 h, during which the color changed to a dark olive-brown and a dark precipitate was evident. The mixture was cooled to -45°C, and the olive-green precipitate was collected and washed with 3 mL of cold (-45°C) Me (61.4 mg, 63 .0 μmol) and THF (5 mL) to give a royal purple solution. A solution of N 3 Ad in THF (1 mL) was added, causing effervescence and a color change to dark yellowbrown. The reaction was stirred for 12 h, and the volatile materials were removed under vacuum. The residue was slurried in cold (-45°C) pentane, and an olive-green powder was collected on a glass fritted funnel and washed with 5 mL of cold pentane to afford spectroscopically pure 5 (82 mg, 81%). Full characterization of this complex has been reported previously.
48
X-ray Absorption Spectroscopy. XAS data were recorded at the Stanford Synchrotron Radiation Laboratory (SSRL) on focused beamline 9-3, under ring conditions of 3 GeV and 60-100 mA. A Si(220) double-crystal monochromator was used for energy selection, and a Rh-coated mirror (set to an energy cutoff of 10 keV) was used for harmonic rejection. Internal energy calibration was performed by assigning the first inflection point of the Fe foil spectrum to 7111.2 eV. The solid samples were prepared by dilution in boron nitride, pressed into a pellet, and sealed between 38 μm Kapton tape windows in a 1 mm aluminum spacer. The solution samples were prepared by dilution in toluene (∼10-15 mM) and loaded into a Delrin XAS sample holder, with a 38 μm Kapton window. All samples were maintained at 10 K during data collection using an Oxford Instruments CF1208 continuous flow liquid helium cryostat. Data were measured in transmission and fluorescence mode (using a Canberra Ge 30-element array detector), respectively. XAS data were measured to k = 15 Å -1 . The data were calibrated and averaged using EXAFSPAK. 61 Pre-edge subtraction and splining were carried out using PYSPLINE.
62 A three-region cubic spline of order 2, 3, 3 was used to model the smooth background above the edge. Normalization of the data was achieved by subtracting the spline and normalizing the postedge region to 1. The resultant EXAFS was k 3 -weighted to enhance the impact of high-k data. Theoretical EXAFS signals χ(k) were calculated using FEFF (version 7.0) 63 and fit to the data using EXAFSPAK. 62 The non-structural parameter E 0 was also allowed to vary but was restricted to a common value for every component in a given fit. The structural parameters varied during the refinements were the bond distance (R) and the bond variance (σ 2 ). The σ 2 is related to the Debye-Waller factor, which is a measure of thermal vibration and to static disorder of the absorbers/ scatterers. Coordination numbers were systematically varied in the course of the analysis, but they were not allowed to vary within a given fit.
